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Abstract—In this work we visualize tsunami and earthquake simulation results with graphics hardware
acceleration. The rapid improvement in the computational power of graphics hardware and its programmability
has made general computation on Graphics Processing Units (GPUs) very compelling. We generate Synthetic
InSAR images using GPUs. Interference phenomena have formed the underlying theory for Interferometric
Synthetic Aperture Radar (InSAR) in unveiling dynamical Earth movements. In our approach light path
differences are defined by the surface values to be visualized. These path differences then modulate the lighting
intensity to generate the interference patterns. We can interactively visualize surface deformation patterns by
leveraging the computational power of GPUs. Our visualization method is applied to simulations of rupture fault
displacements during the tsunamogenic earthquake events, which are vital to understanding the subsequent wave
propagation. We also integrate the visualization results into Google Earth virtual globe to provide the geological
context of the visualized regions.
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1. Introduction

Underwater seismic events can produce tsunamis. Tsunamis can originate thousands
of miles from land (traveling for hours before striking the coastline), or near shore (taking
only minutes before impact). A massive undersea earthquake in the Indian Ocean
measuring approximately moment magnitude (M,,) 9.3, known by the scientific
community as the Sumatra-Andaman earthquake, hit the waters northwest of Sumatra
on December 26th, 2004 and left more than 300,000 people dead or missing (USAID,
2006). It occurred along 1300 km of the oceanic subduction zone located 100 km west of
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Sumatra and the Nicobar and Andaman Islands in the eastern Indian Ocean (STEIN and
OkAL, 2005). This undersea earthquake is one of the largest earthquakes ever recorded on
a seismograph. It was reported to be the longest duration of faulting ever observed,
lasting between 500 and 600 s. It was large enough that it caused the free oscillation of
the entire planet (PARK et al., 2005). It also triggered earthquakes in other locations, even
as far away as Alaska (WEST et al., 2005). Simulations of fault displacements during a
tsunamogenic earthquake event are vital to understanding the subsequent wave
propagation (BiLHaM, 2005; SuBarRYA et al., 2006). For example, numerical model
simulations, combined with tidal-gauge and satellite altimetry data, reveal that wave
amplitudes, directionality, and global propagation patterns of the Sumatra tsunami were
primarily determined by the orientation and intensity of the offshore seismic line source
and subsequently by the trapping effect of mid-ocean ridge topographic waveguides
(Trrov et al., 2005). Visualization has been very useful in interpreting such simulation
results, comparing them with data obtained from other measures (vAN PUYMBROECK et al.,
2000), and helping scientists gain insights into such events (Krikkg, 2005). In this paper
we show the visualization of numerically generated post-seismic deformation by means
of the computational power of burgeoning power due to graphics processing hardware.

The remainder of the paper is organized as follows. We briefly discuss graphics
hardware in section 2. Details of our proposed interference inspired visualization method
are given in section 3. Visualization applications of simulation data and discussions are
described in section 4, followed by implementation details and performance measures in
section 5. Finally we present our conclusions in section 6.

2. Programmable Graphics Processing Units (GPUs)

We exploit the recent advances in graphics hardware to accelerate our visualization
applications. In this section, we briefly introduce the background of the current state of
graphics hardware.

A Graphics Processing Unit (GPU) is a single chip processor with integrated
rendering engines which is capable of processing a vast amount of geometry primitives.
Although originally designed as a dedicated graphics rendering device for real-time
rasterization of geometric primitives, modern GPUs are very efficient at solving
computational intensive problems. The emergence of programmable GPUs makes
general purpose computation (GPGPU) (GPGPU, 2006) feasible for a large range of
complex scientific computational problems.

GPUs have been the most complex chips manufactured. One Nvidia GeForce 7800
GTX GPU chip has as many as 302 million transistors on board. The programmable pixel
shaders of current GPUs can achieve a much higher theoretic peak performance than that
of a currently available CPU. The ATI Radeon X1900 XTX has a claimed performance of
360 GFLOPS (Giga Floating Point Operations Per Second) of processing power (ATI,
2006), while a 3.7 GHz Intel Pentium4 SSE CPU can only achieve a theoretical peak of
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14.8 GFLOPS (Buck, 2004). A GeForce 7900 GTX chip can achieve a sustained 51.2 GB
per second of memory bandwidth with a fill rate of 15.6 billion pixels per second and a
vertex processing rate of 1.4 billion per second. As shown in Figure 2, it has 24 pixel
shader pipelines and 8 vertex shader pipelines (Nvipia, 2006). In general, current GPUs
can offer more than an order of magnitude higher memory bandwidth and achieve up to
an order of magnitude more computation speed up than current CPUs. Furthermore, GPU
performance has improved faster than Moore’s Law over the last decade. The graphics
hardware performance is roughly doubling every six months. It takes the great advantages
of utilizing GPUs for making scientific computation even more attractive.

Figure 1
Our visualization of the vertical deformation of a fault rupture simulation of the Dec. 26th, 2004 Sumatra
earthquake using GPUs with two different styles. (a) Red and blue areas are the rupture front and downdip slip
regions with the most vertical displacement distances, respectively. Other regions have relatively smaller
displacements. The interference pattern indicates the rate of change. Each interference period corresponds to
2.5 cm displacement in the vertical direction. (b) Using interference pattern. Each color cycle corresponds to
15.7 cm displacement in the vertical direction.
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Figure 2
The chip layout of the Nvidia GeForce 7800 graphics processor. It has 24 pixel shader pipelines and 8 vertex
shader pipelines.

GPUs are specialized computational devices. Computation in a GPU is done within
the “Graphics Hardware Pipeline”. The pipeline contains several steps in which the 3-D
application sends a sequence of graphics primitives to the GPU to be processed by the
programmable vertex processor and the programmable fragment processor subsequently.
A representation of such a pipeline is shown in Figure 3.

To utilize GPUs to solve scientific computational problems, users need to transform
the original computation setup to fit the graphics hardware pipeline, especially in the
fragment processing stage. High level languages, (e.g., Cg, MaRk et al., 2002; GLSL,
OpenGL, 2006), have been developed to facilitate implementing sophisticated compu-
tation on hardware. Cg is a high-level 3-D graphics programming language developed by
Nvidia and Microsoft. Microsoft’s implementation of Cg is High-Level Shading
Language (HLSL), and both versions are identical. Cg is based on C++ and uses
C++ syntax but is specialized for GPUs. OpenGL Shading Language (GLSL), also
known as GLSlang, is another high level shading language based on the C programming
language and independent of graphics hardware. In our implementation of this work, we
have employed the Cg language.
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Facilitated by the above high-level languages, programmable graphics processing
units (GPUs) have been successfully applied to many domains beyond graphics,
especially in scientific computation. We will demonstrate our applications of using GPUs
to compute Synthetic InSAR images based on light interference for tsunami and
earthquake simulation results.

3. Interference and INSAR

Interference phenomena are pervasive in nature. The physics of interference has been
studied for more than 300 years. The first observation of interference was made by
Robert Boyle in 1663 (GUENTHER, 1990), who observed what are now called Newton’s
Rings in which waves reflecting from two surfaces can interfere constructively and
destructively. That interference pattern is associated with Newton because he performed a
number of experiments on the effect. Young first generalized the principle of interference
(Young, 1802) and later developed his celebrated two-slit experiment (Young, 1807).
There are also rendering developments focused on simulating interference effects (Dias,
1991; GonbpEek, 1994; Smits and MEYER, 1994; Sun, 1999). Our work is not intended to
simulate the interference phenomena, but to use these patterns to visualize values and
obtain results similar to InNSAR images.

Interference is the interaction of two or more waves passing the same point.
Constructive interference (Fig. 4(a)) occurs when the waves add in phase, producing
a larger peak than either wave alone, whereas destructive interference (Fig. 4(b)) occurs
when waves add out of phase, producing smaller peaks than one of the waves alone.

Consider the interference of two coherent monochromatic waves with wave functions

lpl and lpZ’
‘/jn — \/I_n€i<kr”7mt+8"), (1)

where [ is irradiance, K is the propagation vector, r is the position vector, w is the angular
temporal frequency and ¢ is the initial phase. n = 1, 2. If they interfere coherently, then
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Figure 4
Light Interference. Red and blue curves are two coherent waves and the black curve is the interference results.
(a) Constructive interference, (b) destructive interference.

The intensity is given by

1= =y =1 + L+ VL cos, 3)
where
0 =Kk(r; — 1) + (&1 — &) = kAr + Ac. (4)

0 is the phase difference arising from path length difference if the initial phases are
the same.
If 11: 12: I() then

I =2Iy(1 + cos &) = 2Iycos’ /2. (5)

Constructive interference occurs when the phase difference between the two waves is an
even integer multiple of n. Destructive interference occurs when the phase difference
between the two waves is an odd integer multiple of 7.

We apply the above interference patterns to visualizations of deformation on surfaces.
We develop our visualization method by imitating the way interference is used to measure
short distance variations by Newton’s Rings. In our visualizations, light path differences
are defined by the surface values to be visualized. These path differences then modulate
the lighting intensity to generate the interference patterns. Assume for one point, the
movement or deformation is d. We consider two coherent light waves traveling at a
distance proportional to d. We define 6=2nvd, where v is the frequency parameter used to
control the frequency of the interference pattern. Then the interference intensity 7 will vary
according to 1 + cos(2nvd). Since the modulation term is a function with a period of 2,
each pair of peaks in the interference pattern indicates a difference of 1/v in d. We will
refer to the value 1/v as the resolution of the subsequent interference rendering. This
property is very useful for visualization purposes.
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There are a few variations we could apply to use such interference patterns for
visualization. In Figure 5, we demonstrate such visualizations on an artificially created
data set. The data set is a plane with two peaks generated with the peak function in
Matlab. As shown in Figure 5(a), the surface patch is a square with a size 255 x 255.
The vertical deformation of two peaks varies from —0.0655 to 0.0811. The vertical
elevation in the figure is exaggerated by 1000 times to make it visible.

As illustrated in Figure 5(b), we modulate the deformation value to an interference
pattern and display the modulated values as intensity values in gray levels. With a v value
of 100, (resolution 1/v = 0.01) each neighboring band indicates a deformation difference
of 0.01. To display the modulated values, we scale them to be in the range of [0,1] by
using the formula of ((1 + cos(2nvd)) / 2). The same scaling is always applied through out
this paper.

In Figure 5(c), we apply different frequencies for each color channel to visualize the
deformation. Three frequencies of (100, 110 and 120) are applied. In this way, the result
closely resembles the interference patterns generated with white light. The color order of
transition regions indicates the decrease or increase of the value to be visualized. We also
apply a color map (Fig. 5(g)) on top of the interference pattern as shown in Figure 5(d) with
a formula of colormap(normalize(d))-((1 + cos(2nvd)) / 2). The function colormap( ) maps

(a)

Figure 5
Interference patterns generated with variations. (a)—(d) all represent a surface with two peaks rendered in (e). In
(f) the interference patterns are mapped to the 3-D surface.
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values between 0 and 1 to a specified color map. The function normalize(d) linearly map d
to range of [0,1]. Such an operation is also applied for Figure 1(b). Figure 5(e) has the same
configuration as Figure 5(d) except that a higher frequency v value of 500 is applied. More
details in low deformation regions can be revealed with higher frequency values. Such a
visualization pattern is applied in Figure 1(a). In Figure 5(f), the rendered interference
pattern is mapped on the exaggerated geometry model. We can also apply a color map to
each cycle of interference pattern with formula of colormap((1 + cos(2nvd)) / 2). Since
the function (1 + cos(2mnvd)) / 2) is not a monotonic function, a color map will be
mapped twice within one single interference cycle in two opposite directions. We
can convert it into monotonic function using a formula of colormap(((1 + cos
(nvd))/2) - sign((1 + sin(mvd)) /2)). Function sign(x) returns the value 1 for positive
variables while it returns —1 for negative variables. With the factor sign((1 + sin(nvd)) / 2),
the whole function has a period of m. In this case, each color period still indicates a
difference of 1/v in d. This formula is used to visualize an earthquake simulation in
Figure 1(b). In all the above renderings, the computation of interference modulation is
performed in GPUs. We will discuss the details of the computation at the end of this paper
after we present all visualization results.

The above interference-based method generates similar images to Interferometric
Synthetic Aperture Radar (InSAR) (Fig. 6). Indeed, interference phenomena have formed
the underlying theory for InSAR in unveiling earth movements. Radar satellites
constantly shoot beams of radar waves towards the Earth and record their return after they
have bounced back off the Earth’s surface (MassonNNET, 1993). The phase shift of the
bounced wave could be used to indicate the deformation that has occurred. Such
techniques are utilized to provide direct and precise measurement of the vertical changes
in ground level. The strength of InSAR lies in its ability to provide observations of
ground displacements with a precision as high as a few millimeters with 20 meters of

Figure 6
A sample interferometric image obtained with the Synthetic Aperture Radar (SAR) instrument on-board the
ESA ERS satellites. Each cycle of the colors represents a change in the ground height which is dependent on the
satellite geometry. The image is from the European Space Agency. (http://earth.esa.int/images/INSI/).
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spatial resolution and cover hundreds of kilometers in spatial extent. InSAR has
revolutionized the seismic and volcanic study.

Figure 6 is a sample interferometric image obtained with the Synthetic Aperture
Radar (SAR) instrument on-board the ESA ERS satellites. The data are collected when
the ERS-1 and ERS-2 satellites were flying in “tandem-mode” observing the same part of
the ground with a 1-day interval. Each cycle of the colors (for example, going from
yellow to purple to turquoise and back to yellow again) represents a change in the ground
height, which is dependent on the satellite geometry. The introduction of InSAR makes
the production of displacement maps of an entire region with sub-centimeter accuracy
possible. The InNSAR process involves the acquisition of two or more single images from
an airplane or satellite. The radar sensors carried aboard remote-operates in the
microwave range of the electromagnetic spectrum. To create an interferogram, two
images must be acquired at different points in time.

After the powerful 2004 Sumatra earthquake, significant efforts have been devoted to
measuring, simulating and visualizing the scenario and understanding this largest seismic
event since the introduction of digital seismology (AMMON et al., 2005; KRrIkkE, 2005;
LAy et al., 2005). Steven Ward (2006), a geophysicist produced an animation of the
Indian Ocean tsunami hours after the event. AMMoN et al. (2005) studied the rupture
process of the Sumatra-Andaman Earthquake. The research results showed that the
earthquake was initiated slowly, with small slip and a slow rupture speed. Then the
rupture expanded quickly toward the northwest, extending 1200 to 1300 kilometers along
the Andaman trough. LAy et al. (2005) and BiLHam (2005) also indicated a slow slip. The
InSAR imaging is also perfect for measuring the Earth’s deformation during a
tsunamogenic earthquake event. There is a need to carry out a rapid comparison
between modeling and observations from InSAR images. Responding to such demands,
our research focuses on visualizing the simulated rupture process of the earthquake.
A major motivation for developing this interference inspired visualization is its similarity
to InNSAR, which is a widely applied remote sensing technique for measuring deformation
of the Earth’s surface. The interference patterns generated in our approach are easier to
understand for geophysicists who have previous experience with InSAR images. We
generate such Synthetic InNSAR images from the simulation results to allow researchers a
quick assessment of the results. It is desirable for researchers to have quick access to
InSAR images for comparison purposes. Since conversion of an InSAR image to an
elevation map is still computationally expensive, our method provides a faster way for
direct comparison.

4. Visualization for Tsunami Event Simulations
In this section we illustrate how our interference inspired method could be applied to

various geophysical simulation data sets to better understand tsunami events. For the sake
of completeness, we also briefly discuss the models used in these simulations.
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4.1. Case 1: Visualization of a Hybrid Simulation Model

In this first numerical simulation, we use a hybrid method which is basically set up
from finite-element methods in a 2-D area with a Fourier series decomposition as the
third dimension. We deal with the elastic problem for simplicity.

V-t +po[(V - u)goe: — V(goe, -u)] =0, (6)
T— MV -u)l —2ue(u) = 0. (7)

We can decompose the 3-D problem this way if the equation coefficients are independent
in one horizontal direction and also if it is possible to rotate the domain according to the
rupture. In this case the spectral decomposition is used as the y axis and the rupture
function is placed to the computation domain along this axis. The rupture function has an
important role in our solution technique, thus we explain this part in greater detail.

This function describes displacements on the 2-D fault itself. It has to be defined to be
continuous on some part of the 3-D domain with non-zero measurement because of our
mathematically weak problem formulation. It means this function is dependent on all
three coordinates f(x, y, z) and when we transform it to the spectral domain we have
function f(x, k,, z) where k, is now only a parameter. After solving simultaneous
equations (6) to transform to the spectral domain we solve just 2-D problems with
multiple parameters k,. We just use backward transformation of 2-D FEM solutions to
transfer the solution back to the 3-D domain. The numerical simulations were performed
by, 2-D finite-element code together with the Fourier decomposition method to create
adapted mesh. The GMRES method with ILU preconditioning is used as the linear solver.
The code was written in C-programming language. To increase code effectiveness,
OpenMP parallelization was used for the backward transformation and for the creation of
surface mesh.

The domain of the subduction model is sized 1000 km x 1000 km x 600 km. The
fault strike is 0°, the dip is 60° and the rake is —90°. The fault is 50 km deep and
amplitude is 10 meters, its length in y coordinate is 100 km and its second dimension is
50 km. For the Fourier decomposition 600 k, parameters were used. The computation
mesh has 563 x 564 x 100 grid points. With respect to the concentration of points close
to the rupture, it was worthwhile to increase the number of points to 1001 x 1001 during
recalculation of equidistant rotated surface mesh. The computation was run at the
Minnesota Supercomputing Institute on Altix workstations, where parallelism was
utilized for the most time-consuming parts of the computations.

In Figure 7 we visualize the computational results using interference patterns. A color
map (Fig. 7(d)) is mapped to each period of the interference pattern. Figures 7(a), (b) and
(c) show the x, y and z components of the fault deformation simulations, respectively. In
each group, the top row shows the interference-based visualization with v value of 2, 4, 8,
16 and 32, respectively. The bottom row images are zoom-ins of the center part of their
corresponding top row images. Note that the boundary between the color blue and red is
due to the two ends of the texture for which we used different colors. If a cyclic texture is
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(a)

(d)

Figure 7
(a) x component, (b) y component, (c) z component of the fault deformation simulated by a Hybrid Simulation
Model. In each group, the top row shows the interference-based visualization with v value of 2,4,8,16 and 32,
respectively. The bottom row images are zoom-ins of the center part of their corresponding top row images.
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used (in Fig. 9), there will be no such sharp color boundaries. Note in all examples shown
in this paper, the displacement calculations are carried out in a Cartesian coordinate
system. When the curvature of the Earth is considered, it is also possible to do the
interference pattern computation in a spherical coordinate system, in which case, latitude
and longitude are used to substitute vertical and horizontal values in the Cartesian
geometry.

4.2. Case 2: Earth Rupture Simulations of Sumatra Earthquake

In the second case, we use the PSGRN/PSCMP code (Oxabpa, 1992; WANG et al.,
2006) to calculate coseismic and postseismic deformation for layered rheological media.
In recent years continuous GPS data sets have been frequently used. With this data
researchers can study the coseismic and postseismic deformation after the earthquake. In
fact, the Earth can be described using two different material models in which the upper
layer is elastic and the deeper is viscoelastic. The postseismic deformation is a very
complicated process, especially as some factors are neglected in relaxations with long
time duration.

The PSGRN/PSCMP code is based on the extension of the elastical dislocation theory
with the gravity effect. The theory is applied to the governing equations for the
infinitesimal static deformation in a self-gravitating, hydrostatically prestressed Earth.
This approach extended the earlier elastic dislocation theory with the gravity effect
reflected in the following equations:

V-I'+pV(a-g)—gV-(pu)=0, (8)
V3 — 4nGV - (pu) = 0, 9)

where I' is the Lagrangian incremental stress tensor, u is the displacement vector,  is the
Eulerian incremental potential, g is acceleration due to gravity, G is the gravitational
constant, and p is the density. For an isotropic and elastic medium, Hook’s linear
constitutive relation between the stress and strain is valid,

= (va)l+ yVu+ (Vu)'], (10)

where 4 and p are the two Lame constants, I is the unit tensor, and (Vu)T denotes the
tensor transpose of Vu. With consideration of various practical mathematical and
geophysical issues, the governing equation can be reduced to:

2
V-F—l—nguZ—(pV-u—i—p—Kguz)geZ:O, (11)

where K is constant and g = ge, has been used. This approach considers the coupling
between the deformation and the Earth’s gravity field and produces the postseismic
deformation data. The output includes the complete deformation field consisting of 3
displacement components, 6 stress (strain) components and 2 tilt components, and the
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Figure 8
Comparing Interference Visualization with linear color mapping. (a): Interference patterns modulate the color
map. (b): Color mapping using Tecplot. The field is a simulation of the displacements of the fault of the Sumatra
earthquake on Dec. 24, 2004.
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Figure 9
Interference Pattern Visualization of z displacement component of a simulation of a coseismic fault of a region
of 0-14°N, 86-110°E. (a)—(1) 12 time steps are visualized. (m) The color map used in this figure.
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geoid and gravity changes. For details of this computational model and implementation,
please refer to Wang’s recent work (WANG et al., 2006). In this visualization work, we are
mainly interested in visualizing the displacement components generated by such
simulations.

The study field is a much larger region simulation for the Sumatra earthquake of Dec. 26,
2004. The fault length of the earthquake was 1300 km. The magnitude was M,, 9.3. The
epicenter coordinates were 3.1°N;95.7°E. The fault strike was 310° and the dip was 10°. The
fault width was 100 km. The displacements of the fault were computed by coseismic dip.
The program code PRCMP3.2 and PSGRN3.2 was written by RoNG-11aNG WANG (2006). We
set the material of the fault to be elastic. The size of the field is 0—14°N, 86° —110°E.
The rupture of the fault is 23 time steps along the strike and 7 layers in the vertical direction.
The grid is 121 x 121 evenly spaced points. The maximal displacement is 13 m.

We visualize the vertical displacement component of such time-varying deformation
surfaces with the parameter of v = 50, equivalent to 0.02 m in resolution. In Figure 8 we
compare the visualization result using traditional color mapping and the interference
pattern. Our method can clearly illustrate the details of deformation computed. In
Figure 8(b), a color map is used to map the z displacement of the fault in the Sumatra
earthquake simulations using TecPlot. In Figure 8(a), we modulate the visualization color
mapped image with our interference pattern. The rings indicate the rate of the
displacement change. The red color regions have positive vertical displacements, and the
green color regions have negative vertical displacements. It is obvious that traditional
color mapping methods problematically deal with such data sets due to a lack of
differentiable color levels. The interference pattern clearly visualizes the deformation
propagation in the surrounding areas.

In Figures 9(a)-(1), we illustrate 12 different time steps of the fault simulation
visualization. The vertical displacements are visualized. The color mapping used in this
visualization is shown in Figure 9(m). The same visualization is also mapped to Google
Earth to show the geological context that is shown in Figure 1(a). From the visualization,
it is clear that the rupture developed from the epicenter and expanded quickly toward the
northwest which is the a priori constraint we set on the modeling (AmmoN, 2005; BILHAM,
2005; LAy et al., 2005). The fault can be categorized as a reverse fault. Data collected at
60 Global Positioning System (GPS) sites in Southeast Asia show the crust deformation
caused by the 26 December, 2004 Sumatra-Andaman earthquake at an unprecedented
large scale (VIGNY et al., 2005). Small but significant coseismic jumps are clearly
detected more than 3,000 km from the earthquake epicenter. Such small deformations are
very obvious in our visualization. The nearest sites, still more than 400 km away, show
displacements of 10 cm or more. Here we show how the rupture plane for this earthquake
must have been atleast 1,000 km long and that nonhomogeneous slip is required to fit the
large displacement gradients revealed by the GPS measurements. Our kinematic analysis
of the GPS recordings indicates that the centroid of the released deformation is located at
least 200 km north of the seismological epicenter. It also provides evidence that the
rupture propagated northward with sufficient speed such that stations in northern
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Thailand reached their final positions less than 10 min after the earthquake, ruling out the
hypothesis of a silent slow seismic rupture.

4.3. Case 3: Tsunami Wave Simulation of South China Sea

We have also applied our visualization method to the computation of wave height
generated by the tsunamogenic earthquake in the South China Sea (Liu et al., 2007). The
trenches of the South China Sea stretch in a north to south direction, from south of the
Taiwan Island, passing west of Luzon and extending to the west of Mindanao. The sea-
bottom topography of the Manila trench is very complicated. The large variation of water
depth and sea-bottom topography indicates the possibility of an earthquake-tsunami in
that region. The Manila trench is the fault-graben trough dominated by normal fault, on
the boundary of the Epicontinental graben system of the South China Sea and the
Philippine Island-arc fault-fold system. The western part of the Manila trench fault zone
is formed by the steepened fault and depression of the Central oceanic basin of the South
China Sea. In terms of the fault movement, the Manila trench fault zone is the region
most likely to have experience a tsunami in the South China Sea.

Based on such reasoning, a simulation of the sea-water wave height in that region has
been conducted. As shown in Figure 10(a), we apply interference based visualization to
the wave-height data computed. The wave height is stored in its absolute value. A color
texture is mapped to each period of the interference pattern. The regions with denser
interference fringes are associated with higher wave height and in larger danger of a
tsunami. Figure 10(b) is a color texture mapped to the whole data range and then
modulated by the interference pattern. Figure 10(c) uses a direct color mapping without
interference pattern enhancement.

4.4. Integrating Interference Visualization Results with Google Earth

The tsunami and earthquake data sets visually at our disposal are associated with
specific regions of the globe. It is therefore very important that we have the contextual
geological information necessary for detailed visualizations. Therefore, we integrate our
visualization results into GooGLE EArTH (2007) using the image overlay function provided
by its software. Google Earth is a server-client based virtual globe program (http://
earth.google.com/). It maps the entire earth by pasting images obtained from satellite
imagery, aerial photography and GIS over a 3-D globe. Google Earth allows users to
search for addresses, enter coordinates, or simply use the mouse to browse to a location.
Google Earth also has digital terrain model data collected by NASA’s Shuttle Radar
Topography Mission. Users can directly view the geological features in three-
dimensional perspective projections, instead of as 2-D maps.

Many scientists have found Google Earth to be a powerful tool for scientific
visualization (BUTLER, 2006; NourBAKkHsH, 2006). In our experiment, we use the image
overlay function of the Google Earth software to integrate our visualization results into a
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Figure 10
Visualization of wave height generated by a tsunamogenic earthquake in the South China Sea. (a) and (b) color
mapped to each period of the interference pattern, (c) color mapped to the whole data range and then modulated
by interference pattern, (d) direct color map.

virtual globe context. Figure 1 illustrates the integration of our visualization of the fault
simulation of the Sumatra earthquake with Google Earth. The interference pattern
visualization images are overlayed in Google Earth. The geological context of the terrain
is rendered in 3-D and local cities are annotated. Such visualizations help users to
associate the scientific data with a geological context which is familiar to ordinary users.
In Figure 10, 3 other examples are also shown.

Figure 11 shows how users can navigate the virtual globe with integrated
visualizations. Note that in the most zoomed-out image, Google Earth provides the
recorded earth quake information indicated by a red dot in the studied region. Such
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Figure 11
Navigation of Google Earth with integrated visualization results.

information is valuable for researchers seeking to understand the event. The software
provides a convenient way for researchers to share their results. The visualization results
we embed in Google Earth could be in a data exchange format (KML) together with the
geological context information. Such meta data could be directly opened by other parties
who also have the software. The Google Community service could make these
visualization results available to the public, allowing the sharing of research results
between research groups.

5. Implementation Details and Performance

All visualization computations including rendering have been performed on a Dell
Precision 530 workstation with single Intel Xeon 2.20 G Hz CPU, 1 GB RAM,
4 x AGP motherboard and a 256 MB GeForce 6800 Ultra graphics card. Cg is used
for GPU programming. We implement our rendering pipeline with deferred shading
to improve interactivity for large data set visualization. The concept of deferred
shading was introduced by DEERING et al. (1988) and was later used by PixelFlow
(MoLNAR et al., 1992.) With advances in commodity graphics hardware, deferred
shading is becoming practical for normal rendering (Nvipia, 2004; SHISHKOVTSOV,
2005).

For the geophysical simulation data we are dealing with, there are multiple
propensities associated with each grid point. Before the deferred shading, we render all
values into multiple textures illustrated as the first rendering step in Figure 12. Current
Multiple Render Targets (MRT) features enable us to simultaneously render up to four
textures in a single pass. With one color channel in a texture reserved for the valid
rendered area, there are 15 channels available for information storage. We use floating
point textures to store the rendered results. After the first rendering pass, we create
intermediate textures with color channels storing deformation values. Users can freely
select the surface properties they wish to visualize in the second deferred shading pass
illustrated as the second rendering step in Figure 12. The program computes the
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Input data (mesh) Intermediate Texture Interference pattern
with deformation information

Figure 12
Rendering pipeline for interference based-visualization.

Table 1

Performance of our rendering method for various models. Two different screen sizes are used to test the
performance. Ty, is the run time before the deferred shading. T is the time for the deferred shading.

Model Grid Size Screen Size Tgeo(ms) Tger (ms)
Peaks (Fig. 5) 256 x 256 512 x 512 22 5.5

256 x 256 1200 x 900 23 8
Sumatra earthquake (Fig. 11) 121 x 121 512 x 512 11 5.6

121 x 121 1200 x 900 12 7

interference patterns using a fragment shader together with an optional color map lookup.
We leverage the current commodity graphics hardware to perform the computation and
rendering. Our method is very efficient. Table 1 shows the timing for the rendering of
different data sets. Two different screen sizes are used to test the performance. T,
(in milliseconds) is the run time before the deferred shading. T, (in milliseconds) is
the time for deferred shading. Note that because the deferred shading is executed on the
final frame image, it is independent of model resolution and dependent only on the screen
resolution as shown in the table.

6. Conclusions and Future Endeavors

We present a novel visualization method for visualizing dynamically changing
surfaces, which is one type of highly dynamic range data (YuaN et al., 2005, 2006, 2007).
Our method is superior to traditional color mapping and can illustrate subtle but
important surface value variations. We can interactively visualize surface deformation
patterns by leveraging commodity graphics hardware to achieve interactivity. Our
method is simple, easy to implement and very effective at illustrating subtle but critical
surface changes to surface features in deformation processes. As compared with the
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visualization using existing software tools, we gain advantage in the quality and speed
with graphics hardware acceleration. The integration of our seismic visualization with
Google Earth provides an easy way to include global geological context. Users can easily
exchange research results using this tool.

It is possible to combine interference patterns with other existing visualization
methods. In the future we will test our method on more complex models which
incorporate bends and other geometric complexity. We also plan to extend our work to
other simulation data sets. For one immediate step, we plan to use the same setting of the
InSAR images and generate interference patterned images for direct comparison with
InSAR satellite images. We would also like to compare our calculated displacement
values with the observational values.
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